The high-resolution spectrum of NbN has been investigated in emission in the 3000 -15 000 cm Ϫ1 region using a Fourier transform spectrometer. The bands were excited in a microwave discharge through a mixture of NbCl 5 vapor, ϳ5 mTorr of N 2 , and 3 Torr of He. Numerous bands observed in the near-infrared region have been classified into the following transitions: f 1
INTRODUCTION
Over the last two decades considerable interest has developed in the spectroscopy of transition metal-containing molecules, partly due to the availability of many improved experimental and theoretical techniques. The inherent complexity of the electronic spectra of many transition metal oxides, nitrides, carbides, and halides has now been unraveled and successfully interpreted. The availability of high-quality ab initio calculations has proven to be very helpful in the analysis of these complex spectra. In part, the recent interest in the transitionmetal-containing molecules can also be attributed to their importance in, for example, catalysis (1, 2) and astrophysics (3) . Transition-metal atoms have relatively high abundances in many stars (3) and several transition-metal hydrides and oxides have also been detected (3) (4) (5) (6) (7) (8) . There is a possibility that transition-metal nitrides may also be found. So far nitride molecules have not been observed in stellar atmospheres, in part due to the lack of precise spectroscopic data required for a meaningful search in complex stellar spectra. In recent years, the electronic spectra of several transition-metal nitrides have been analyzed at high resolution and considerable progress has been made in theoretical studies (9 -12) , although much more work is needed. Only limited and fragmentary spectroscopic data are available for a number of transition-metal nitrides. For example, in the V B transition metal family, some high-resolution data are available for VN (13, 14) and NbN (15) (16) (17) (18) , but TaN (19) remains poorly characterized.
The electronic spectra of NbN were first observed by Dunn and Rao in 1969 (15) . The transition they saw was initially assigned as A 3 ⌽-X 3 ⌬ and the rotational analysis of the 3 ⌽ 3 -3 ⌬ 2 subband was reported. The rotational analysis of the other two subbands was difficult to achieve because of the presence of large nuclear hyperfine splittings at lower J values. The hyperfine structure of this transition was later analyzed by Féménias et al. (16) and more recently by Azuma et al. (17) , and molecular constants including the hyperfine parameters have been determined. This transition was renamed as B 3 ⌽-X 3 ⌬ by Azuma et al. (17) , who also recorded the laser excitation spectra of the C 3 ⌸-X 3 ⌬, e 1 ⌸-X 3 ⌬ 2 and f 1 ⌽-a 1 ⌬ transitions and measured the spin-orbit intervals by observation of weak spin satellite branches (17, 18 (18) .
There have been several theoretical calculations that predict the dipole moments, dissociation energies, ionization potentials, and spectroscopic properties of the low-lying electronic state of NbN (19 -22) . The ionization potential of 7.175 eV was calculated by Bérces et al. (20) and the binding energy of 4.56 eV was calculated by Sellers (21) 
EXPERIMENTAL DETAILS
The NbN emission bands were excited in an electrodeless microwave discharge through a flowing mixture of 3 Torr of He, about 5 mTorr of N 2 , and a trace of NbCl 5 vapor. The discharge tube was made of quartz and had an outer diameter of 12 mm. Anhydrous NbCl 5 powder was placed in a small bulb which was continuously heated by a heating tape during the experiment. The partial pressure of NbCl 5 vapor in the discharge tube was adjusted to maintain a constant bluishwhite color in the discharge. This experimental arrangement was chosen to simultaneously study the electronic spectra of NbCl and NbN in two experiments.
In the first experiment the discharge was made with 3 Torr of He and a trace of NbCl 5 vapor. This experiment was intended for the observation of NbCl spectra. Several NbCl bands, particularly those near 6704, 6799, and 6862 cm Ϫ1 , were observed with very weak intensity. In addition to NbCl, a number of NbO bands, with the most intense ones at 9306, 12 500, 12 571, 12 815, and 13 034 cm Ϫ1 , were also observed. The NbCl and NbO bands were distinguished by their line separation, with the branches in the NbCl bands having a smaller line spacing compared to those in NbO. The NbO bands were very recently observed by Launila et al. (24) and have been assigned to several doublet-doublet transitions.
In the second experiment ϳ5 mTorr of N 2 was added to the flow, keeping the other experimental parameters the same. In this case it was noticed that the NbO and NbCl bands again appeared along with new bands in the 8000 -13 700 cm Ϫ1 region. These bands were later attributed to NbN using the results recently published by Azuma et al. (18) . The NbN bands appeared strongly when the discharge had an intense blue-white color. The emission from the discharge tube was sent directly into the 8-mm entrance aperture of the 1-m Fourier transform spectrometer of the National Solar Observatory at Kitt Peak. The spectra in the 1800 -15 000 cm Ϫ1 interval were recorded using liquid-nitrogen-cooled InSb detectors, a CaF 2 beam splitter, and RG695 filters. A total of six scans were co-added in about 63 min of integration at a resolution of 0.02 cm Ϫ1 .
The spectral line positions were determined using a data reduction program called PC-DECOMP developed by J. Brault. The peak positions were determined by fitting a Voigt lineshape function to each line. The strong N 2 lines observed in our spectra were used for calibration of the molecular lines of NbN. The strong N 2 lines recorded in a separate experiment with an Os hollow-cathode lamp operated with 10 mTorr of N 2 and 2.3 Torr of Ne were calibrated using the Ne line positions of Palmer and Engleman (25) . This calibration was then transferred to the NbN spectrum using the N 2 lines as a transfer standard. The molecular lines of NbN have a typical width of 0.05 cm Ϫ1 and appear with a maximum signal-to-noise ratio of 12:1 so that the best line positions are expected to be accurate to about Ϯ0.002 cm Ϫ1 .
LOW-LYING ELECTRONIC STATES OF NbN
The ground state of NbN is now well established as a 3 ⌬ state arising from the configuration, 4d␦ 1 5s 1 (17, 18, 23 (23), who calculated the properties of numerous low-lying singlet and triplet electronic states below 20 000 cm Ϫ1 as well as the quintet states below 30 000 cm Ϫ1 using the MRCI and MRCI ϩ Q methods. Here MRCI denotes the multireference configuration interaction procedure based on SA-CASSCF (state-averaged complete-active-space self-consistent field) calculations and ϩQ refers to a Davidson-like correction. In the singlet manifold the ordering of the electronic states was predicted to be a
, and e 1 ⌸ (4d␦ 1 4d 1 ). In a recent publication, Azuma et al. (18) have reported the observation of a number transitions between the low-lying singlet and triplet electronic states which are consistent with the ordering of states predicted by Langhoff and Bauschlicher (23 (18) . All of these states, except the X 3 ⌬ state, have been observed in our present investigation of NbN using high-resolution Fourier transform emission spectroscopy. The missing d 1 ⌺ ϩ state has now been identified near 13 908 cm Ϫ1 . An updated energy level diagram of the lowlying electronic states has been provided in Fig. 1 , where the observed T 00 values of the low-lying states are also provided for reference.
OBSERVATIONS
A number of new NbN bands have been observed in the 8000 -14 000 cm Ϫ1 region. The branches in different bands were sorted using a color Loomis-Wood program running on a PC computer. These bands have been found to involve numerous low-lying singlet states and spin components of the C 3 ⌸ and A 3 ⌺ Ϫ states. A schematic energy level diagram of observed low-lying electronic states is presented in Fig. 1 . Although most of the states shown in this figure were observed previously by Azuma et al. (18) , the infrared transitions marked in Fig. 1 have been observed at high resolution using a Fourier transform spectrometer. Also, the d 1 ⌺ ϩ state of NbN has been observed for the first time in our work.
Two infrared transitions, which have 0 -0 origins near 8045 and 8796 cm Ϫ1 , have a common upper state and are assigned as the is overlapped with a strong N 2 band near 8056 cm Ϫ1 . In spite of overlapping, the NbN rotational lines were easily distinguished because of relatively small separation between consecutive rotational lines in a branch. Our color Loomis-Wood program was also very helpful in identifying the lines in the overlapped regions. This band consists of one R and one P branch and lines have been identified up to R(37) and P(42). The 0 -0 band is followed by relatively weaker 1-1 and 2-2 bands with origins near 8069 and 8093 cm Ϫ1 . The rotational structure of all three bands has been analyzed.
The 0 -0 band of the d 1 ⌺ ϩ -A 3 ⌺ 0 Ϫ transition has its origin near 8796 cm Ϫ1 . This region of the spectrum is relatively free from N 2 overlapping. The band also consists of single R and P branches, as expected. A part of the spectrum of this transition is provided in Fig. 2 , where P-branch lines of the 0 -0 band have been marked up to the bandhead. We have identified the (26) with the same excited state were also included in the final fit. To constrain the ⌬G( (26) were also included in the fit. This was necessary to determine the vibrational intervals of the excited states.
FIG. 1. A schematic energy level diagram of the observed electronic transitions of NbN. The positions of the
Two bands with Q heads near 12 297.7 and 12 304.3 cm Ϫ1 , which appear with moderate intensity, have been found to have their lower states in common. These two bands have been identified as the 0 -0 bands of the 
FIG. 4. A compressed portion of the spectrum of NbN showing the Q heads of the
( Fig. 4) . Although the R and P branches of these bands are weaker in intensity and are not distinguishable at first sight, our Loomis-Wood program was very helpful in identifying the lines. Also the known combination differences for the C 3 ⌸ 0Ϫ state based on the previous work of Azuma et al. (18) were very useful in making definite assignments. The 1-1 bands of these two transitions could not be identified due to their very weak intensity. Rotational analysis of both 0 -0 bands has been carried out. The line positions of the C 3 ⌸ 0ϩ -X 3 ⌬ 1 and (26) were also included in the final fit. (26) were also included in the final fit.
ANALYSIS
The observed line positions of bands of the different electronic transitions are provided in Table 1 . The molecular constants for different states were determined by fitting the observed line positions to the following customary energy level expressions:
(for 1 ⌸, 3 ⌺ 1 Ϫ , and 3 ⌸ 1 states)
Two fits were obtained for the determination of final spectroscopic constants. In the first fit the lines of the C 3 ⌸ 0ϩ -A 3 ⌺ 1 Ϫ and C 3 ⌸ 0Ϫ -A 3 ⌺ 1 Ϫ transitions were combined with the line positions of the C 3 ⌸ 0ϩ -X 3 ⌬ 1 , C 3 ⌸ 0Ϫ -X 3 ⌬ 1 transitions previously observed by laser excitation spectroscopy (18, 26) . In the second fit lines from the (26) were also included in this fit so that all of the new bands are connected together and referenced to v ϭ 0 of the X 3 ⌬ 2 spin component. The badly blended lines were given reduced weights and overlapped lines were excluded in order to improve the standard deviation of the fit. The first fit is connected to v ϭ 0 of the lowest energy X 3 ⌬ 1 spin component while the second fit is connected to v ϭ 0 of the X 3 ⌬ 2 spin component. Because we have no direct connection between the energy levels in our two separate fits, we have chosen to fix the v ϭ 0 X 3 ⌬ 2 -X 3 ⌬ 1 interval to exactly 400.5 cm Ϫ1 . The molecular constants obtained for the different electronic states are provided in Table 2 .
DISCUSSION
The energy level diagram of the low-lying electronic states obtained by Azuma et al. (18) 
